Students may suffer from learning loss between the spring and fall semesters, an experience often called 'summer learning loss' or 'knowledge decay.' Although many studies examine knowledge decay in K-12, only a few examine college students. This study expands the literature by examining whether varying class sizes aggravate or dampen the loss of knowledge. We utilize a dataset on college students to analyze how class size affects knowledge decay using paired prerequisite and follow-on courses. We find that when a student takes larger prerequisite classes waiting longer to take the follow-on course raises grades. This finding is consistent with the hypothesis that students learn less in larger class sections, leaving them with less knowledge to decay. The analysis also provides novel estimates of the relationship between class size and learning: holding the number of terms between courses constant, students enrolled in larger prerequisite classes earn similar grades in subsequent courses.
Introduction
A large, and growing body of research documents mostly negative effects of larger classes on student outcomes. Much of this literature focuses on elementary school class size and finds that larger class sizes are associated with lower test scores.
1 Class size estimates in higher education are less common, but also suggest negative effects of class size on student outcomes, particular for minority students and first generation students. 2 Smaller classes often offer more opportunities for active, hands-on learning than larger ones, and different pedagogical tools may affect student learning (Gleason 2012 and Lopesto and Slater 2016) . Some evidence suggests positive effects of larger classes because larger classes allow better teachers to teach more students; reducing class size may mean exposing students to lower-quality instructors as universities hire less experienced teachers (Sapelli and Illanes 2016) .
We extend the evidence on class size effects by focusing on a measure of student learning. Using administrative data at a large public university, we examine pairs of prerequisite and follow-up courses. If class size affects learning, then this effect could appear in two ways.
First, the number of students in one's prerequisite class could affect students' grades in the follow-up course. Second, class size could affect how long students retain their knowledge. More deeply held knowledge may depreciate more slowly and class size may affect how deeply knowledge is held. We allow student knowledge to decay during the time between paired courses. If class size affects students' knowledge decay, we would observe different rates of knowledge decay for students taking larger prerequisite classes.
This paper also contributes to the literature on knowledge decay. Much of the knowledge decay literature focuses on the debate in elementary and secondary schools over the effect of 1 See, for example, Krueger (2003) on the Tennessee STAR study or Mathis (2017) 2 See, for example, Diette and Raghav (2015) , Beattie and Thiele (2016) , and Bandiera, Larcinese, and Rasul (2010) .
summer vacations-the long annual break-on student learning. This form of decay has also been called the summer learning loss (Kneese, 2000; Cooper, et al., 2003) . Some studies estimate the summer learning loss to be as large as "…about one month on a grade-level equivalent scale, or one-tenth of a standard deviation relative to spring test scores" (Cooper et al. 1996) . 3 This effect is also not equal across different types of students. For example, studies document larger declines for disadvantaged and minority students (O'Brien 1999; Burkam et al. 2003; Downey, Hippel, & Broh 2004; Alexander, Entwisle, & Olson 2007) . McMullen and Rouse (2012) illustrate the importance of student fixed effects in estimating summer learning loss. At the college-level, Dills et al. (2016) find that any observed knowledge decay is largely eliminated with the inclusion of student fixed effects. Even with the student fixed effects, some groups continue to experience knowledge decay: students in language courses, for students with belowmedian SAT Math scores, and for students with majors outside STEM fields.
We empirically test two questions. First, we estimate the effect of having more students in one's prerequisite course on student grades in the follow-up course. Second, we estimate the monthly rate of knowledge decay between paired courses and how it differs for students in larger prerequisite courses. The specification includes student fixed effects as well as a variety of course characteristics to control for differences across students and courses. We estimate small, negative effects of class size. The point estimates are precisely estimated zeros: adding one hundred students to a classroom lowers grades by 0.026 grade points. The knowledge decay that students experience differs for different sized prerequisite classes. For students enrolled in large, two hundred person prerequisite sections, waiting an additional two months to take the follow-on course results in grades that are 0.2 grade points higher. For students enrolled in small, 22 person prerequisite classes, waiting an additional two months to take the follow-on course results in grades that are 0.02 grade points lower. The overall pattern of results suggests that, when students learn less in a prerequisite course, waiting longer to take the follow-on course can be beneficial. The next section presents the empirical design and data. The results and conclusion follow.
Empirical Method and Data
Our sample comes from all grades earned by undergraduate students at Clemson multiple prerequisite courses, we assume students typically take the lower course-numbered prerequisites prior to the higher-numbered prerequisites and focus on the higher-numbered prerequisites.
We measure the length of time between a student taking the prerequisite and taking the follow-up course as the number of months from the start of the first course to the start of the second course in the sequence. 4 The sample only includes students taking a course-pair either fall then spring or spring then fall. The measured gap for a student taking a fall course followed by a spring course is five months; the measured gap for a student taking a spring course followed by a fall course is seven months. The average months between beginnings of courses is 5.4.
The sample comprises 129,501 course-pair observations for 51,417 unique students.
5 Table 1 presents summary statistics for the sample. The prerequisite courses average a grade of 2.8 (a little more than a B-) and a class size of almost 70 students. The follow-up courses average a grade of 2.7 (a B-) and a class size of 62.5. About 2 percent of students take the prerequisite twice. For these students, we use the more recent prerequisite grade and class size in the estimation sample.
We estimate the following for student i who took an introductory course k during period p and then took follow-up course j during semester t:
where W itj is a matrix of student characteristics and course characteristics including the course level (100-, 200-, 300-, or 400-level course), department indicators, and an indicator for students who are taking a course for the second time. 6 The department indicators control for differences in departmental grading policies. To control for time-varying grade differences, such as universitywide grade inflation, we include time dummies for the semester of the follow-on course.
Repeated observations for students allow us to include student fixed effects, σ i , in the estimation model. These fixed effects account for time-invariant characteristics such as motivation, ability, socio-economic background, sex, and race. In some specifications, we also include course-pair fixed effects, λ jk .
We focus on the coefficients on the prerequisite class size and the interaction of prerequisite class size and gap. There are four potential outcomes. Students may learn more material while in a larger class, but in such a way that causes the information to decay more quickly. Students may learn more material while in a larger class and learn it more deeply so that the information decays more slowly. Students may learn less material while in a larger class and in such a way that causes the information to decay more quickly. Students may learn less material while in a larger class but learn it more deeply so that the information decays more slowly.
Although the student fixed effects and course-pair fixed effects control for time-invariant characteristics of the students and courses, we do not possess information on the courses' instructors. Professor experience and quality have been found to slightly improve student learning in higher education (Carrell and West 2010 and Braga, Pacagnella, and Pellizari 2014) . Carrell and West (2010) find that students of less qualified teachers earn higher grades in Calculus 1 but lower grades in Calculus 2. They theorize that students may gain more "deep learning" in classes with a more experienced professor. If better instructors teach larger sections, this would bias the estimates of class size downwards. Bias in the estimates of knowledge decay requires that different quality instructors teach in the fall compared to in the spring. If better instructors teach prerequisites in the fall, their students experience shorter gaps before the follow-up course, biasing the estimate on the gap downwards; if better instructors teach prerequisites in the spring, their students experience longer gaps before the follow-up course, biasing the estimate on the gap upwards. Overall, we are unable to control for the instructor either through fixed effects or instructor traits, which may generate some bias in our estimates.
In addition to analyzing the full sample, we stratify the sample by a variety of characteristics. We stratify the sample by the entering SAT score of the students and by race; we separately consider 100-and 200-level follow-up courses. Diette and Raghav (2015) find that smaller class size predicts student success particularly for students in 200-level courses, for students with below-average SAT scores, and for freshmen. We extend their research to see how class size impacts learning as demonstrated by performance in subsequent courses. Beattie and Thiele (2016) find that increased class size is more likely to hurt minority students and first generation college students. In contrast, Bandiera, Larcinese, and Rasul (2010) find that smaller classes benefit the highest performing students. We separately consider language courses and STEM courses. Previous research suggests that class size may matter more for foreign language courses (Khazaei, Zadeh, and Ketabi 2012 and Asqalan 2016). Table 2 presents estimates using the sample of fall-spring and spring-fall course sequences. In column (1) we estimate the specification without student fixed effects but with a variety of student characteristics. We include their SAT Math score, age entering Clemson, race, and dummy variables for whether the student is in-state, male, or a legacy student. 7 The coefficients on the gap between courses and the prerequisite's class size are negative and significant. Longer gaps between paired courses and larger class sizes are associated with lower grades in follow-up courses. The coefficient on the interaction of these two variables is positive and statistically significant. These results suggest that, although a longer gap is associated with lower grades, this effect is slightly smaller when the prerequisite's class size was bigger. The interaction term also implies that, although larger prerequisite classes are associated with lower grades, this effect is slightly smaller when the gap between courses is shorter.
Results
As in Dills et al. (2016) , including student-level fixed effects (column 2) turns the coefficient on months between courses insignificant. The estimates for class size and its interaction with months between are somewhat smaller and still statistically significant. Column (3) expands the sample to include students for whom we do not observe all the student characteristics captured in the fixed effects. The results are similar to those in column (2); these additional students do not differ markedly. Column (4) adds course-pair fixed effects. The estimates on class size and its interaction with months between become somewhat larger than in column (3) although qualitatively similar. The estimates in column (4) are that a one hundred student increase in class size lowers grades by 0.05 grade points (p-value = 0.002), a small effect which is precisely estimated. The effect of an additional two month gap at the average class size is to increase grades by a statistically insignificant 0.03 grade points (2*(-0.0220+0.0006*69.9)=0.04; p-value = 0.380). Whether waiting longer leads to higher or lower grades depends on the size of the prerequisite class. For students enrolled in large, two hundred person prerequisite sections, waiting an additional two months to take the follow-on course results in grades that are 0.18 grade points higher (p-value = 0.0000). For students enrolled in small, 22 person prerequisite classes, waiting an additional two months to take the follow-on course results in grades that are 0.02 grade points lower (p-value = 0.612).
In column (5) we include an additional interaction term on the gap and prerequisite grade.
We find this interaction term to be negative and significant. This implies that students who earn a letter grade higher in the prerequisite course experience a greater grade penalty from waiting longer to take the follow-up course. The effect of taking a sequence spring-fall instead of fall spring is 0.14 (p-value = 0.001) for D students, 0.06 (p-value = 0.099) for C students, -0.015 (pvalue = 0.681) for B students, and -0.09 (p-value =0.011) for A students. Students who perform particularly well in a prerequisite course benefit from taking the follow-up course more quickly; student who perform particularly poorly in a prerequisite course benefit from waiting longer to take the follow-up course. The pattern of results in the table is consistent with students learning less in larger classes, benefiting from waiting when their knowledge is superficial, and benefiting from not waiting when their knowledge is deeper.
In Table 3 , we split the sample by types of courses. This table uses the same specification as column (3) of Table 2 . Column (1) presents results for foreign language courses. Dills et al.
(2016) estimate high rates of knowledge decay for language courses. Here, we control for class size and no longer observe knowledge decay. This result suggests that the knowledge decay found in languages is driven by the size of the class.
Column (3) presents results for STEM courses. Estimates are smaller than the full sample, but in the same direction as the full sample's estimates. Grades are lower when students take larger prerequisite classes and this effect is somewhat mitigated by waiting longer between classes. Results using only 100-and 200-level courses (column 3) are similar. We also consider only those sequences numbered as 101 and 102. The smaller sample size leads to less precise estimates although the pattern of the point estimates is similar. Columns (5) through (6) limit the sample to course sequences where most students take them in the catalog-listed order. If many students take a sequence out of order, the implication is that taking them in sequence may not be that important. Column (7) restricts the sample to course-pairs where only one follow-up course lists a particular course as a prerequisite. If one course serves as the prerequisite to many courses, the links between the course pairs may be weak. The pattern of results is qualitatively similar.
Students in larger courses have lower grades and this effect is dampened by waiting longer between courses.
We stratify the sample by the students' math SAT scores and by sex. The class size and knowledge decay results are driven by lower SAT score students and men. In results not presented here, we also stratify the sample by the nine reported race categories. The sample sizes are significantly smaller. Almost all estimates are statistically insignificant.
Conclusion
Using pairs of courses at a university, we test how class size and months between courses affect student grades. Our results suggest that students learn less in larger classes and student knowledge decays over time. Students in larger prerequisite classes experience less knowledge decay, perhaps because they learned less to begin with. This effect is driven primarily by male students and those students that score below the mean on the math SAT. The magnitudes of these estimates are small.
These results may be the result of students' learning less in a large(r) first class. Given that students at risk, such as those with below average SAT scores and minority students are already at risk of being affected by knowledge decay between semesters, it may be advantageous for these students to take courses with smaller class sizes. Gleason (2012) , however, suggests that the negative effect of class size can be mitigated by providing students with various study tools such as WebAssign, self-checking online quizzes, and recorded video lectures. How these innovations impact learning in large classes and knowledge decay over time is left for future research.
Tafreschi, Darjusch, and Thiemann, Petra. (2015) . Characteristics included in column (1) are the student's SAT math score, age at entry to Clemson, indicators for student's race, whether the student in an in-state student, male, or a legacy. All specifications include department fixed effects, course-level fixed effects, and semester of follow-up course fixed effects. Robust standard errors clustered by student in parentheses. *** p<0.01, ** p<0.05, * p<0.1 
